Abstract-Radio observations of the planets are providing much valuable information about these remote environments. Most of these objects are black bodies emitting thermal radiation which appears brighter at short wavelengths but we generally wish to investigate the effects of atmospheric absorption and subsurface heat conduction on them which requires observations using a wide variety of astronomical techniques over a large range of wavelengths. Most parameters change only slowly with wavelength so that continuum radiometry at selected wavelengths is sufficient in most cases.
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Many of the planetary signals are weak and it is very important to accurately separate their emission from that of the background sky and nearby confusing sources. This involves continuous comparison with the nearby background by various switching, on-off, and scanning techniques plus reobservation of the same spot in the sky after the planet has moved away. Often, over 2 of the time required for an observation is actually spent on comparison rather than looking at the actual target planet. Recently, aperture synthesis observations using interferometers have provided very-high-resolution pictures of some of the planets and removed many of the background problems.
Another important concern is calibration of the results so we can have accurate values of the absolute temperatures of these bodies. This requires measurement of the antenna parameters and also the effects of the Earth's atmosphere upon the incoming signals. With careful evaluation it is possible to obtain an absolute accuracy of better than 7 percent of all wavelengths and relative values are known to a few percent.
The planets themselves can be divided into three natural categories: 1) those which are essentially all atmosphere, namely the giant gasous Jovian planets; 2) those without atmospheres, including the moon, Mercury, most satellites, and the asteroids; and 3) those for which both surface and atmospheric effects are important, such as Venus. In the first case, by measuring at several wavelengths across the spectral band of ammonia which acts as the major opacity source in the atmosphere of the giant planets, we are able to accurately determine its abundance and also measure the temperature distributions in the low atmospheres below the visible cloud layers. The atmosphereless bodies are in equilibrium with incoming solar radiation and by measurements at different phases in their diurnal cycles we can establish the heat flow and radiative properties of their subsurface layers. These are related to the physical properties of thermal inertia and dielectric constant. For the terrestrial planets with both solid surfaces and atmospheres, a complete analysis of the transfer of radiation through both the surface materials and the atmosphere above can provide knowledge about both regions. By using a large range of wavelengths we can choose some spectral regions where the atmospheric opacity is complete and others where we see down to the solid surface. Finally interferometric observations of the synchrotron emission from Jupiter's radiation belts has given us a wealth of detailed information about the planets' magnetic field and energetic particle environment.
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where 2 is the solid angle in the sky subtended by the body. If the size is known, it is possible from these relations to determine the brightness temperature of a planet. This black-body emission is continuous, but some molecules with microwave transitions have been found in the atmospheres of some planets and a limited amount of spectroscopy has been performed on them to determine the composition and structure of the atmospheres.
The only examples of nonthermal radio emission in the solar system (excluding the Sun) are found for Jupiter (see the review in [1] ), and to a much lesser extent Saturn, which have large magnetospheres containing trapped relativistic electrons. These produce synchrotron radiation and also interact with the ionosphere or upper atmosphere of the planets in a manner which is still not fully understood to produce bursts of low-0196-2892/82/0700-0306$00.75 © 1982 IEEE 306 frequency emission. Because most objects are black-bodies, we shall emphasize continuum radiometry but also give some discussion of spectroscopic techniques and the measurement of nonthermal emission.
II. OBSERVING PROCEDURES Historically, most planetary observations have been made with single parabolic-reflector antennas. These have angular power response patterns in the sky which are complex Bessel functions but can generally be quite well represented by Gaussian distributions. For a circular aperture, the half power beamwidth, HPBW, can be well approximated by HPBW 1.2 X/D (radians) (3) where X is the wavelength and D is the diameter of the telescope. The exact value of the constant depends upon the detailed illumination of the reflector surface by the feed element located at the focus [2] but the beamwidth will generally be much larger than the angular size of any planet. Thus investigation of longitudinal differences requires repeated measurements as the body rotates and no resolution in latitude is available.
Recent advances in interferometric techniques using more than one antenna have now allowed us to obtain greatly improved resolution and make aperture synthesis maps of several of the larger planets. This has allowed us to see, for the first time, the actual brightness distribution across the disk and has led to greatly improved understanding of many phenomena. Several aspects of observing are common to both single-dish and aperture-synthesis techniques. These will be presented together, but the specific procedures for each type of observing will be discussed separately.
A. Choice of Observing Frequency
There are several factors affecting the optimum frequency with which to observe a given planet. Because most of them have temperatures between about 50 and 750 K, their emission peaks in the infrared and we wish to observe at as high a radio frequency as possible in order to record the strongest signal. A high-frequency or short-wavelength is also desirable to obtain good resolution as shown by (3) in which the half power beamwidth of the antenna is directly proportional to the wavelength.
On the other hand, radio telescopes are often easier to operate at low frequencies. Unfortunately, several practical problems arise with a simple on-off technique. One is that there are numerous small-scale irregularities in the earth's atmosphere which can alter the propagation of radio signals between the on and off positions. We can compensate for much of this atmospheric fluctuation by employing two identical feed elements which are placed close together on opposite sides of the focal point of the telescope. The receiver is switched rapidly (tens of times per second) between these two feeds and the difference signal is synchronously detected. The separation is such that the two resultant beams are only a few beamwidths apart. In the near field of the telescope where the radiation patterns are nearly uniform cylinders, the two beams will overlap almost completely; where they start to diverge significantly because of diffraction depends upon the illumination patterns of the antenna but is approximately the Rayleigh distance, D2/2X, where D is the diameter of the telescope and X the wavelength. Most of the turbulent eddies which cause the fluctuations occur within a few miles of the earth's surface well within the near field of most telescopes, and thus generally appear in both beams. The fluctuations caused by these common elements will be cancelled by the switching process, leaving only the contribution from the very small or distance cells which do not lie within both beams [5] .
In addition to atmospheric contributions, there can also be fluctuations in the background emission caused by other sources within the beam, possible sidelobe response from the sun or other strong neighboring sources, and even spurious pickup from objects on the ground. These can significantly alter the detected signal even when switching over a small angle. Because The brightness distribution of a complex radio source can be represented as a summation of Fourier components each of which is a sinusoidal temperature distribution of some amplitude, phase, and spatial frequency. This, of course, is an angular distribution and thus the spatial frequency is the number of cycles per radian across the sky rather than the more usual time varying function. If we can measure these components and add their contributions we can then reproduce the brightness distribution of the object. To see how we obtain such data let us consider the response of a pair of radio telescope separated by some distance, d, to radiation from a source at some angle 0 with respect to the line joining the pair (see Fig. 2 on its axis a given baseline located on its spherical surface will appear to rotate and also be differentially foreshortened with respect to a point on the sky so that a range of projected baselines over a full semicircle of directions can be obtained from a single pair in 12 h of observing. The individual visibilities are stored as they are measured in a computer for the subsequent analysis. Usually one 12-h observation is sufficient for a good map but sometimes the antennas are moved to a new baseline configuration and an additional set of visibilities is accumulated before a map is constructed.
Even well sampled maps are still incomplete, however, and the resultant synthesized beams can have significant sidelobe patterns which can distort the apparent b,rightness of an extended object. The general approach to correct for this messy antenna pattern is to "clean" the data [14]. This is done by an iterative process in which the "dirty" beam from an aperture synthesis observation is successively subtracted from the brightest spot on the map until some desired noise level is reached. Then the subtracted components are restored to the map with a Gaussian shaped pattern of the same beamwidth. In this manner the sidelobes of bright sources at different points are removed from other positions on the map and only the true brightness remains. Some attempts are also being made with planetary observations to subtract a uniform disk from the data to obtain a map of only the fine structure which is visible on the disk of the planet. D. Calibration 1) Intermediate Calibration: It is simple to compare the signal from a planet with a known amount of power injected into the system between the feed element and the receiver. This provides a ready reference but leaves two problems if we are to measure the actual amount of radiation from the planet. First is the efficiency of the telescope and second is absorption by the Earth's atmosphere. Both of these can vary with time and position as will be described below so that a frequent (generally more often than once per hour) external calibration is important. This is provided by measuremient of some cosmic source of known flux density which is near in the sky to the object of interest. Any change in the response to this known source can then be interpolated to give a calibration function for the system. A grid of bright calibration sources can be secured from various catalogs of sources which are available and it is usually possible to find such a source close to the program object so that changes between them are negligible. At Because of its reduced flux density at higher frequencies and its somewhat extended size Cas A is not a good calibrator above about 25 GHz, however, and another source must be chosen. This is usually the compact ionized hydrogen cloud (HII region) called DR2 1. Its temperature and density can both be determined from its optical emission and because it is a thermal radiator the absolute radio spectrum of DR21 can be accurately calculated to provide a reference [20] . At still higher frequencies (greater than about 100 GHz) the emission from dust grains in the vicinity of DR21 make the spectrum of that object uncertain [21] o~~~~~~ ( 7) where all quantities are at a given frequency, v. TB is the measured brightness temperature, To is the true brightness temperature of the source, TK is the kinetic temperature of the atmosphere, r is the total optical depth of the medium or f dt, and dt is the opacity given by the expression dt = Kds where K iS the absorption coefficient and ds is the incremental path length through the medium. The first term on the right-hand side of (7) represents the extinction of the source brightness; the second term adds an additional signal to the apparent brightness from the atmosphere. Because in the beam-switching mode the path through the troposphere of the two beams is nearly identical, the second term drops out in the difference expression and we need consider only the extinction to determine the true brightness of the observed planet or other source. We might point out, however, that the atmospheric contribution in the second term does add noise to the system thus affecting the sensitivity. At a given observing site the atmosphere can be well approximated by a series of plane parallel layers so that the path length and thus extinction through the atmosphere will vary as the secant of the zenith angle, Z. Measurements at two zenith angles should, therefore, be sufficient to determine the optical depth, T. Often, however, the atmosphere varies on a time scale which is faster than that required for the source to move through a significant zenith angle and so the extinction is measured by taking "dip curves" with the antenna. In this procedure we utilize the second term in the right-hand side of (7) by turning off the beam switch and observing blank sky at several positions between the zenith and the horizon. With virtually no background radiation the observed signal will be the temperature of the earth's atmosphere times the absorption coefficient integrated over the path length which again varies as secant (Zenith angle). The extinction and noise contributed to the atmosphere can be determined by a least squares fit to several points at different zenith angles. To tie all the measured signals to an absolute basis, a microwave absorber at a known temperature can be alternately placed in front of the feed to give an accurately known amount of power for comparison with the other values [22] . After consideration of the errors in all the various steps in performing an absolute calibration at millimeter wavelengths, we conclude that such measurements should have an absolute uncertainty of less than about 7 percent [231 .
III. APPLICATIONS A. Studies of the A tmospheres of the Planets Not only does the Earth's atmosphere contain molecules with microwave transitions but so do the atmospheres of several other planets. In addition to oxygen and water vapor, molecules of carbon monoxide, carbon dioxide, ammonia, and hydrogen affect the microwave opacity in various planetary atmospheres. In general, the transition probabilities and/or abundance of these molecules are sufficiently small so that a high opacity is reached only in the deep atmosphere where pressure broadening has smeared the individual rotational transitions into a single broad absorption band. Therefore, we cannot use spectrometric techniques to look at individual line profiles, measure velocities, etc., but merely use moderate bandwidth continuum radiometry at several wavelengths to look at the general band structure. Analysis of the measured temperature across the band gives us a profile of the temperature distribution with depth in the planetary atmosphere. To evaluate it, we consider the transfer equation of radiation through that planet's atmosphere which is identical to that through the Earth's (7) except that To is now the brightness temperature of the surface of the planet and K, is the absorption coefficient of the materials in its atmosphere.
In the center of the molecular band where the absorption coefficient is greatest we reach a large optical depth in a short path length so that in the center we measure the temperature of the high atmosphere whereas in the wings, with the lower absorption coefficient, we receive radiation from deeper down. The tropospheres of all the planets are heated from below by convection and so the outward decrease in temperature produces an absorption band with the lowest brightness in the center. Fig. 3 [24] shows the profile of Jupiter's thermal emission at microwave frequencies where the absorption is caused by an inversion transition of the ammonia molecule centered at a frequency of 23.7 GHz (or a wavelength of 1.23 cm). On the short-wavelength side there is overlap with pressure-induced dipole absorption by the hydrogen molecule [25] . The observations are represented in the figure by dots with their error bars and the solid lines represent the brightness temperature expected for models of Jupiter's atmosphere which is almost pure hydrogen but with trace amounts of methane (0.3% by number of molecules) and the ammonia abundances given. The different materials not only affect the microwave opacity but also control the temperature gradient in the atmosphere which has a value of -20/km. The The planet Venus has a very thick atmosphere, but carbon dioxide, the major constituent, has only a very small radio opacity. The wing of its smeared rotational bands is evident at short wavelengths so that the effective altitude at which the temperature is measured lies up in the cooler atmosphere, but at a wavelength of 6 cm we see through the atmosphere to the 750 K solid surface of the planet (Fig. 5) [34] . This spectrum, reveals an additional phenomenon which has never been explained, however: at longer wavelengths, beyond about 15 cm, the brightness temperature drops again. This feature has been further confirmed observationally [35] , [36] so the effect is real but we know of no material which absorbs in that [38] . Although its rotation period with respect to the sun is very slow, about 120 earth-days, the tremendous heat capacity of an atmosphere of CO2 almost 100 times as dense as the Earth's atmosphere, does not allow significant temperature changes.
D. Aperture Synthesis Maps ofJupiter's Radiation Belts An interesting application of aperture synthesis has recently been applied to observations of Jupiter. Although it takes 12 h to accumulate the data for one map, the planet rotates in slightly less than 10 h, so it is not possible to fully map features at a particular longitude on Jupiter in a single session. To overcome this, de Pater [39] observed the planet for 12 h on each of 6 successive days and then performed a massive sorting of the data based upon the comensurability of the Earth's and Jupiter's rotation periods to obtain an identical spatial frequency coverage for separate maps every 150 in Jovian rotation angle. Fig. 6 shows 4 of the 24 such maps obtained by this procedure at a wavelength of 21 cm. The 24 frames have been combined into a movie showing the rotation of the planet. In this case most of the emission is synchrotron radiation from relativistic electrons trapped in Jupiter's magnetosphere and the observed changes can be attributed to the varying aspect of the complex magnetic field which we view as the planet rotates and also the bunching of particles caused by Jupiter's satellites and other conditions. Plans to observe Neptune and other lesser bodies are in the works. These observations allow the opportunity of seeing features on the larger objects and recording the actual sizes and shapes of the smaller ones. For example, the observations of Saturn allow us to not only measure the brightness changes between the center of the disk and the edges caused by opacity in the atmosphere but also to see the absorption by the rings in front of the disk and their emission outside. The separate rings can also be recognized. As these and similar observations are completed we are becoming able to characterize the radio emission from other real and understandable worlds rather than mere point sources of emission.
